Existing theoretical calculations predict that infrared spectra of the two most fundamental reactive carbo-ions, methyl cation CH3 + with D3h symmetry and protonated methyl cation CH5 + with Cs(I), Cs(II), and C2v symmetries, appear together in the 7-μm region corresponding to the C-H bending modes. Vibrational band profiles of CH3 + and CH5 + have been compared by ab initio calculation methods that use the basis sets of MP2/ aug-cc-pVTZ and CCSD(T)/cc-pVTZ. Our results indicate that the bands of rotation-vibration transitions of CH3 + and CH5 + should overlap not only in the 3-μm region corresponding to the C-H stretching modes but also in the 7-μm region corresponding to the C-H bending modes. Five band intensities of CH5 + among fifteen vibrational transitions between 6 and 8 μm region are stronger than those of the ν2 and ν4 bands in CH3 + . Ultimate near degeneracy of the two bending vibrations ν2 and ν4 of CH3
Introduction
The observation of carbo-ions in space will also help the understanding of chemistry in many astronomical objects.
1,2
The methyl cation CH 3 + is the most important reactive species in organic, combustion, atmospheric, and interstellar chemistry. 3 There have been a number of laboratory spectroscopic studies on carbo-ions in the last few decades. Many interesting fundamental carbo-cations such as CH 2 + and CH 3 + have been observed and analyzed using high-resolution infrared laser spectroscopic techniques.
4-6 Subsequent spectroscopic and chemical dynamics studies of the CH 5 + carbo-cation are reported. [7] [8] [9] The information on the quantum mechanical property of CH 3 + was obtained from the previous spectroscopic studies. 5, [10] [11] [12] Theoretical calculations 13, 14 have also reported that the two vibrational states of CH 3 + lie quite close to each other. The determination of vibrational frequencies by computational methods has become increasingly important in many areas in chemistry. Protonated methyl cation (CH 5 + ) is one of the important reactive species in combustion, atmospheric, and interstellar chemistry. High-resolution infrared spectrum of CH 5 + corresponding to the C-H stretching band in the 3.4 μm region was reported.
7 This cation is also of great basic interest because it is known to be highly fluxional: that is, the five protons are equivalent and can exchange freely. Early theoretical investigations of the electronic structure of CH 5 + suggested it might consist of pyramidal CH 3 + subunit bound to an H 2 molecule, in a C s symmetric arrangement. But it has other two low energy structures C s (II) and C 2v symmetric structure with almost no barrier. Recent theoretical investigations of CH 5 + have been performed to understand the dynamics and infrared spectrum of CH 5 + .
9,15
Despite the plausible identity of CH 3 + , it is possible that some of the spectral lines are due to CH 5 + . Here, we have calculated the harmonic vibrational frequencies of CH 3 + and the three C s (I), C s (II), and C 2v structures of CH 5 + along with their relative intensities at different theoretical levels. We provide the theoretical calculations of the vibrational spectra for CH 3 + and CH 5 + in the infrared region to facilitate the detection of this carbo-ion in interstellar space and have hindsight to analyze their high-resolution spectral analysis in the 7-μm region corresponding to the C-H bending modes.
Computational Details
By using Gaussian 09 package, 16 we have optimized the geometries and calculated vibrational frequencies of CH 3 + and CH 5 + by using ab initio quantum mechanical methods and density functional theory (DFT) methods. Harmonic vibrational frequencies were determined by the analytical evaluation of the second derivative of the energy with respect to nuclear displacement. The ab initio calculations were performed at the levels of MP2/aug-cc-pVTZ and CCSD(T)/cc-pVTZ with an analytic gradient to optimize geometries and calculate frequencies for CH 3 + and CH 5 + . We used the numeric second derivatives of energy for calculating frequencies at the level of CCSD(T). Geometry optimization was taken to be converged if the maximal atomic force was smaller than 0.00045 Hartree Bohr . We also tried various levels of theory, such as B3LYP/6-311G(d,p) and QCISD/aug-cc-pVTZ. See the Supporting Information for the results from HF, MP2, QCISD, CCSD, CCSD(T), and B3LYP.
Results and Discussions
The structure of CH 3 + optimized with CCSD(T)/cc-pVTZ is shown in Figure 1 . The structural parameters defined in Figure 1 are listed in Table 1 . The C-H bond distances of CH 3 + were calculated to be R 1 = 1.089, R 2 = 1.083, and R 3 = 1.089 Å, respectively. The present geometry of CH 3 + agrees well with the result of Crofton et al. (1.087 Å).
5 Also shown in Table 1 are the results calculated by the MP2/aug-ccpVTZ method. The MP2 results are not much different from the CCSD(T) results.
In Figure 2 , we show three optimized (CCSD(T)/cc-pVTZ) structures of CH 5 + with symmetries C s (I), C s (II), and C 2v . The C s (I) structure is the energy minimum structure, and the other two structures correspond to saddle points. Our calculation is in agreement with those 17 computed at the CCSD (T)/aug-cc-pVTZ level of theory. For the C s (I) structure, the bond distances are R 1 = 1.198, R 2 = 1.198, R 3 = 1.104, and R 4 and R 5 = 1.086 Å ( Table 1 ). The distance of two H atoms is 0.940 Å. The bond distances of the C s (II) structure are R 1 = 1.200, R 2 = 1.200, R 3 = 1.082, and R 4 and R 5 = 1.096 Å; the distance of the two H atoms is 0.933 Å. The bond distances of the C 2v structure are R 1 = 1.139, R 2 = 1.160, R 3 and R 5 = 1.085, and R 4 = 1.139 Å; the bond distance of the two H atoms is R 6 = 1.174 Å. The distances of two of the H atoms from the carbon atom are slightly greater than the other two structures.
Having confirmed that the present calculation yields geometries reasonably consistent with the previous experiments and theoretical reports, we moved on to predictions of harmonic vibrational frequencies of both CH 3 + and the C s (I), C s (II), and C 2v structures of CH 5 + at both MP2/aug-cc-pVTZ and CCSD(T)/cc-pVTZ levels. The calculated frequencies are listed for CH 3 + and CH 5 + in Tables 2 and 3 , respectively. Table 2 shows the present MP2/aug-cc-pVTZ calculation accords with the experimental vibrational frequencies of Calculated at the MP2/aug-cc-pVTZ level. . The ν 2 frequency deviates by less than 1.43% from the experimental value, whereas the ν 3 position lies 0.02% above the experimental value. At a higher level of theory, CCSD(T), the experimental data are consistent with theoretical calculations. At the CCSD(T)/cc-pVTZ level, the deviation of the ν 2 frequency is 1.62% above the experimental value and the ν 3 position is 0.73% above the experimental value. Our finding is consistent with the previous report that MP2 theory agrees with experiment better than CCSD(T) theory.
17,18
We calculated harmonic vibrational frequencies of CH 5 + with structures of C s (I), C s (II), and C 2v symmetries at the MP2/aug-cc-pVTZ and CCSD(T)/cc-pVTZ levels ( Table 3 ). Note that the minimum C s (I) structure has all the real frequencies, whereas both the C s (II) and C 2v structures have one imaginary frequency because they are saddle-point structures. From the normal mode analysis, the C s (II) structure is found to be at the saddle point for H 2 rotation about the C 3 axis of the CH 3 moiety of CH 5 + . The C 2v structure corresponds to a saddle point for the structural change of C s (I) → C 2v → C s (I). The calculated frequencies are in agreement with the previous results.
17,19
Quantitative prediction by using the ab initio method for the intensities associated with infrared spectra of molecules is particularly difficult to achieve. Reliable theoretical estimates of infrared intensities can be expected from computations that provide an accurate description of the electronic charge density and its dynamics with vibrational distortions. It should be emphasized that the simultaneous theoretical prediction of vibrational frequencies and infrared intensities may be considered as an important criterion for accuracy.
We analyzed the infrared spectra of CH 3 + and CH 5 + in the range of 0-3300 cm -1 at the CCSD(T)/cc-pVTZ level of theory ( Figure 3) . The calculated position of the ν 3 asymmetric stretching vibration in CH 3 + is located at 3131.2 cm
(upper). The calculated spectra of CH 5 + compare well with a low-resolution experimental spectrum except below 1000 cm -1 where the experimental spectrum shows no absorption. 9 Our calculations find substantial absorption features below 1000 cm , known as a low-temperature nonscrambling regime, protons forming the H 2 moiety and those engaged in the CH 3 tripod lead to two wellseparated stretching peaks (Figure 3, upper panel) . The theoretically observed infrared spectrum clearly indicates full hydrogen scrambling of CH 5 + . In Figure 3 , the ν 3 band origin 5 in CH 3 + was fixed to 3108 cm -1
. The band intensities of ν 2 and ν 4 in CH 3 + are calculated to be weaker by a factor of 6.64 and 4.26, respectively, 196  228i  188i  589i  676i  2  750  846  957  1013  488  498  3  1288  1283  1139  1159  1256  1240  4  1302  1295  1331  1342  1320  1313  5  1472  1464  1479  1482  1414  1402  6  1502  1480  1504  1502  1452  1446  7  1583  1551  1611  1630  1480  1467  8  2516  2489  2483  2414  2673  2645  9  2715  2684  2730  2777  2737  2706  10  3029  2988  3073  3071  2898  2865  11  3165  3120  3132  3130  3163  3116  12  3266  3218  3277  3255  3280  3228   a The normal modes are numbered in order of increasing frequency. Scale factor for MP2/aug-cc-pVTZ = 0.9437. , as seen in the experimental observation. 7 The three strongest band positions are calculated at 3029, 3132, and 2898 cm -1 using the MP2/aug-ccpVTZ level. There are all together 14 (5, 4, and 5 from the C s (I), C s (II), and C 2v structures, respectively) vibrational bands of CH 5 + between 1200 and 1650 cm -1 (8.06 to 6.06 μm) from the two calculation results. Among the 14 transitions, the five vibrational band intensities of CH 5 + are predicted to be stronger than that of the ν 4 band in CH 3 + . We calculated the theoretical spectra for CH 3 + and CH 5 + at the MP2/aug-cc-pVTZ level (Figure 4) . The theoretical spectra are not much different from those obtained by using CCSD(T)/cc-pVTZ. It is noteworthy that the infrared intensities of CH 3 + and CH 5 + appear to be in the 3-μm region, as estimated in the previous report, 7 whereas most CH 5 + vibrational modes are predicted to be stronger than the two ν 2 and ν 4 vibrational modes of CH 3 + . Also, it should be mentioned that the ν 4 intensity is calculated to be consistently stronger by a factor of 2 than that of the ν 2 band at the two levels of the calculations. Figures 3 and 4 indicate that there is a greater possibility that CH 5 + lines are found in the 7-µm region as well as those from CH 3 + . We also point out that the rotational constants of the two carbo-cations due to their small molecular weights are large enough to spread out their rotation-vibration transitions in a wide wavelength region.
Conclusion
By using quantum mechanical calculations, we predicted the infrared spectra of the two most fundamental reactive carbo-ions, methyl cation CH 3 + with D 3h symmetry and protonated methyl cation CH 5 + with C s (I), C s (II), and C 2v symmetries. The calculated results indicate that the rotationvibration band transitions of CH 3 + and CH 5 + should overlap not only in the 3-μm region corresponding to the C-H stretching modes but also in the 7-μm region corresponding to the C-H bending modes. Five band intensities of CH 5 + among fifteen vibrational transitions between 6 and 8 μm region are stronger than those of the ν 2 and ν 4 bands in CH 3 + . Ultimate near degeneracy of the two bending vibrations ν 2 and ν 4 of CH 3 + along with the stronger intensities of CH 5 + in the three hydrogen scrambling structures may cause extreme complications in the analysis of the high-resolution carboion spectra in the 7-μm region. 
